Abstract. Currently, the main approach to nasopharyngeal carcinoma (NPC) treatment is radiotherapy (RT), but for many NPC patients, RT is not effective. Increasing RT sensitivity of NPC cells would provide a significant treatment advance for NPC patients. While γ-secretase inhibitors (GSIs) have gained recent attention as novel anticancer drugs, the mechanism of action of GSIs as radiosensitizers is not well understood. In the present study, radiation-induced anti-proliferative effects of the one GSI (N-[(3,5-difluorophenyl)acetyl]-L-alanyl-2-phenyl]glycine-1,1-dimethylethyl ester, DAPT), on CNE2 cells were investigated with the MTT assay; in vitro radiosensitization effects were evaluated by the apoptosis assay and the cell colony formation assay. The activation status of the Notch signaling pathway in DAPT-or dimethyl sulfoxide-treated CNE2 cells was also examined. Notch signaling in NPC cells was found to be down-regulated by DAPT; therefore, DAPT could significantly inhibit CNE2 growth and improve NPC radiosensitization, thus, enhancing RT-induced anti-proliferative effects and apoptosis. Taken together, our data show that Notch signaling down-regulation by GSIs could enhance radiosensitivity of NPC cells, suggesting clinical applications for GSIs as radiosensitizers for NPC therapy.
Introduction
Nasopharyngeal carcinoma (NPC) is a disease with a remarkable geographic and ethnic distribution worldwide, having a high occurrence rate in China and Southeast Asia, especially in the south of China, while being rare in other areas of the world. The observed incidence rates in China and Southeast Asia range from 15 to 50 per 100,000 persons (1) . Nasopharyngeal carcinoma arises from epithelial cells that cover the surface and line of the nasopharynx (2) . Patients frequently present with neck masses, nasal symptoms such as epistaxis and nasal obstruction, and otological symptoms such as deafness and tinnitus. Unfortunately, as early-stage symptoms are nonspecific and pathogenic sites can be difficult to examine, most NPC patients are only diagnosed when the tumor has reached an advanced stage.
The main current approach to NPC is radiotherapy (RT). Radiotherapy for NPC is challenging because the nasopharynx is surrounded by an array of radiosensitive anatomical structures, including the brain stem, spinal cord, pituitaryhypothalamic axis, temporal lobes, eyes, middle and inner ears, and parotid glands. Moreover, many NPCs are resistant to RT, resulting in poor prognoses. Therefore, increasing the sensitivity of NPC cells to RT would provide a significant advancement in the effective treatment for NPC patients.
The Notch signaling pathway was first recognized as an important developmental pathway in Drosophila in the first half of the 20th century (3) . Many decades later, this pathway has been found to play central roles in stem cell maintenance, cell fate decisions, and regulation of pattern formation. Its dysfunction results in a tremendous variety of developmental defects and adult pathologies (4), such as tumorigenesis. Notably, the Notch signaling pathway is frequently activated in several human malignancies, such as glioma (5) , breast cancer (6) and colon cancer (7) . It has also been found that the Notch signaling pathway is highly expressed in NPC (8) . Further studies have found that Notch signaling was mainly activated in cells expressing embryonic stem cell proteins in human primary NPC (9) . On the other hand, the Epstein-Barr virus (EBV), a common contributor to NPC oncogenesis (10), codes for the latent membrane protein 2A (LMP2A), which constitutively activates the Notch pathway in B cells and epithelial cells (11) (12) (13) . Therefore, the Notch signaling pathway plays important roles in NPC growth promotion and oncogenesis.
γ-secretase is crucial to the proteolytic activity that releases the Notch intracellular domain; it is thus a central player in the canonical Notch signaling transduction pathway. Therefore, γ-secretase inhibitors (GSIs) can inhibit Notch signaling. Recently, GSIs have gained attention as novel anti-cancer drugs because of their ability to block the Notch signaling pathway. However, their toxicity toward normal cells and tissues is a major concern; combining GSIs and typical therapies may achieve better curative effects, while reducing side effects (14) . In the present study, the effect of the one
, combined with radiation was investigated; DAPT has been widely used to evaluate the Notch signaling pathway in various cells (15) . We found that DAPT could enhance radiosensitivity of NPC cell lines (CNE2) at rather low concentrations.
Materials and methods
Cell culture and treatment. Human NPC cells (CNE2) were obtained from the Xiangya Central Experiment Laboratory, Central South University, and maintained in RPMI-1640 culture (Hyclone, Logan, USA) supplemented with 10% fetal bovine serum (FBS, Sijiqing, Hangzhou, China), 100 units/ml penicillin G, and 100 units/ml streptomycin (Gibco, Grand Island, NY). DAPT (Sigma, St. Louis, MO) was dissolved in dimethyl sulfoxide (DMSO, Amresco, Solon, OH) to yield a final concentration equal to 5 mmlol/l. Cells were then treated with various concentrations of DAPT or DMSO of the same volume (control).
Radiation. Each sample received a single dose of 0, 1, 2, 3, 4, 6 or 8 Gy at 400 cGy/min, using a linear accelerator (Trilogy, Austin, TX, USA) with 6 MV-photons at room temperature.
MTT assay. First, the effects of DAPT on cell proliferation were determined by the MTT assay. CNE2 cells (1000 per well) were plated in 96-well plates, allowed to adhere overnight, and treated with various concentrations of DAPT or DMSO for 1-3 days at 37˚C; MTT assays were then carried out. In vitro growth inhibitory effects of DAPT + RT on CNE2 cells was also assessed using MTT assays as previously described (16) . Briefly, cells in 96-well plates were treated with 10 µmol/l DAPT for 48 h, and then radiated with 4 Gy as described above. Every 24 h for 4 days, MTT assays were carried out; MTT dye was added to each well and incubated for 2 h at 37˚C according to the manufacturer's guidelines (GenMed, Shanghai, China). Cell suspension absorbance was measured at 570 nm using a microplate reader (Bio-Tek Inc., USA); the background absorbance of the cell-free medium was subtracted.
Apoptosis assay. The percentage of apoptotic cells was assessed using flow cytometry (FCM) with the Annexin V-FITC/propidium iodide (PI) method. Cultured CNE2 cells were randomly assigned to four groups: DMSO, DAPT, DAPT + radiotherapy and radiotherapy groups. Before the apoptosis assay, CNE2 cells were incubated in 35-mm dishes with 10 µmol/l DAPT or DMSO of the same volume for 2 days; apoptotic cell percentages in the DMSO and DAPT groups were then assessed. The DAPT + radiotherapy and radiotherapy groups cells were irradiated (2 Gy) with a linear accelerator. After radiation, medium was exchanged for normal medium and cultured for 2 days. Apoptotic cell percentages in DAPT + radiotherapy and radiotherapy groups were then assessed, following the manufacturer's instructions (Biouniquer, China). Briefly, unfixed cultured cells were washed twice with cold PBS; 1-5x10 5 cells were collected, resuspended in binding buffer and incubated with Annexin V-FITC in buffer containing PI for 10 min at room temperature in the dark. Cells were then analyzed within 1 h, using FCM (Epics Altra; Beckman Coulter, Fullerton, CA).
Cell colony formation assay. Before the cell colony formation assay, cultured CNE2 cells were randomly assigned to one of two groups: radiotherapy alone or DAPT + radiotherapy. Cells were trypsinized to generate a single-cell suspension; a specified number of cells were seeded into each well of 6-well tissue culture plates according to their respective radiation doses, and allowed to attach overnight. The DAPT + radiotherapy cells were then incubated with 10 µmol/l DAPT for 48 h, while radiotherapy cells were incubated with the same volume of DMSO for 48 h. All cells were irradiated (0, 1, 2, 3, 4, 6 or 8 Gy) in the presence of DAPT or DMSO, using a linear accelerator. After radiation, the medium was changed to normal medium; cells were allowed to grow for 2 weeks. Methanol was used to fix the cells, which were dyed with Giemsa. After air drying, the visible colonies were counted. The surviving fraction was calculated as: [(mean colonies counted)/(cells plated) x (plating efficiency)]; plating efficiency was defined as: [(mean colonies counted)/(cells plated)] for unradiated controls (0 Gy).
Real-time PCR. Total RNA was extracted from specimens using the TRIzol reagent (Invitrogen, Carlsbad, CA) and converted to cDNA using reverse transcriptase MMLV (Promega, Madison, WI). Aliquots of cDNA were subjected to quantitative real-time PCR using a StepOne plus Real-time PCR system (Applied Biosystems, Foster City, CA). Primer sequences used are listed in Table I ; mRNA levels were normalized relative to β-actin mRNA levels.
Western blot analysis. Western blot analyses were performed as previously described (17) . Briefly, concentrations of protein Statistical analysis. Each test was repeated three times. In the cell colony formation assay, a multi-target single-hit mathematical model was used to draw a survival curve with SigmaPlot 11.0 (Systat Software Inc., San Jose, CA); cellular radiosensitivity (D 0 ), capacity for sublethal damage repair (D q ), survival fraction at a dose of 2 Gy (SF 2 ), and the extrapolation number (N) were obtained, and each group's radiosensitivity was analyzed and compared. Other data were analyzed for statistical significance using analysis of variance (ANOVA) or Student's t-test with SPSS 17.0 software (SPSS, Chicago, IL). P<0.05 was considered statistically significant.
Results

DAPT inhibits CNE2 growth and enhances the anti-proliferation effect of radiation.
To determine whether the γ-secretase inhibitor (DAPT) can inhibit NPC cell growth, and to select the lowest effective concentration, we examined its effect on CNE2 cell proliferation. Cells were treated with various concentrations of DAPT (0, 5, 10, 20 or 40 µmol/l). Results revealed that DAPT dose-dependently inhibited CNE2 cell growth (Fig. 1A) ; 10 µmol/l was the lowest concentration to inhibit proliferation after incubation for 72 h (P<0.05), but no DAPT concentrations affected CNE2 cell proliferation at 24 or 48 h (P>0.05). To study the inhibitory effects of DAPT + radiation on CNE2 cells, we pretreated cells with 10 µmol/l DAPT or DMSO for 48 h. After radiation at 4 Gy for 3 days, CNE2 cell viability in the DAPT + radiotherapy group differed from that in radiotherapy group (P<0.05, Fig. 1B) . These results show that DAPT can inhibit CNE2 growth and enhance the anti-proliferative effects of radiation.
DAPT enhances RT-induced apoptosis. Because DAPT inhibits CNE2 growth and enhances the anti-proliferation capacity of radiation (as shown above), we considered that it may increase RT-induced apoptosis; therefore, we investigated RT-induced apoptosis in DMSO-and DAPT-treated CNE2 cells. As shown in Fig. 2 , significantly greater RT-induced apoptosis was observed in the DAPT-treated cells (DAPT + radiotherapy group) than in the DMSO-treated cells (radiotherapy group; P<0.05). Two days after 2 Gy radiotherapy, the apoptotic fraction of the radiotherapy group cells was ~12.8%, but that of cells pretreated with DAPT for 2 days (DAPT + radiotherapy group) was ~16.2%. The apoptotic fraction of the two groups (radiotherapy and DAPT + radiotherapy groups) was different from that of the DMSO groups (P<0.05). To ascertain whether apoptosis was induced by DAPT, we also measured apoptosis in cells that were pretreated with DMSO or DAPT for 2 days. As shown in Fig. 2 , DAPT had no obvious impact on the apoptotic fraction when the cells were only treated for 2 days (P>0.05), showing that Notch inhibition using DAPT sensitizes NPC cells to radiation-induced apoptosis.
DAPT improves radiosensitization of NPC cells. To further confirm the radiosensitizing effect of DAPT at other radiation doses, we measured the clonogenic survival of CNE2 cells. A multitarget single-hit model was used to calculate cellular radiosensitivity (D 0 ), capacity for sublethal damage repair (D q ), survival fraction at a dose of 2 Gy (SF 2 ), and the extrapolation number (N) (18, 19) . The survival curve parameters are listed in Table II . In this model, SF is calculated as follows: SF = 1 -(1 -e -KD ) N . All radiotherapy group parameters were greater than those of the DAPT + radiotherapy groups, indicating that DAPT makes CNE2 cells more sensitive to radiation (Fig. 3A) . Results could be easily seen with the naked eye (Fig. 3B) ; there were few visible colonies in cells that were pretreated with DAPT and radiated with 8 Gy.
DAPT inhibits Notch signaling in CNE2 cells. To further determine the underlying mechanism of DAPT's enhancement of NPC radiosensitivity, the activation status of Notch signaling in DAPT-or DMSO-treated CNE2 cells was examined with real-time PCR and Western blotting. In the Notch signaling pathway, NICD is the activated form of Notch1 and is cleaved by γ-secretase from the membrane; Hes-1 is the downstream target gene of Notch signaling. As expected, Notch1 and Hes-1 expression, both mRNA and protein, were highly activated in DMSO-treated cells compared to DAPT-treated cells (Fig. 4) . These results suggest that DAPT significantly down-regulates Notch1 and Hes-1 expression.
Discussion
Radiotherapy is the current mainstay of NPC treatment. Enhancing the radiosensitivity of NPC cells is of great importance in overcoming this disease. Here, we show that GSIs can significantly down-regulate Notch signaling and enhance radiosensitivity in NPC cells.
The widely conserved Notch signaling pathway influences key aspects of normal development including differentiation, proliferation and apoptosis (20) . Mammals, including humans, possess 4 Notch proteins (Notch 1-4), and 5 Notch ligands (Delta-like 1, 3 and 4 and Jagged 1 and 2) (21, 22) . Signaling occurs when the ligands bind and interact with Notch, inducing a series of cleavages, S2, S3, and S4. Of these, the S3/4 cleavage is intramembranous and mediated by a presenilin-dependent γ-secretase, causing translocation of NICD into the nucleus, where it then interacts with a transcriptional factor CSL (CBF1/RBPJκ in mammals), activating downstream target genes, such as Hes-1 (23, 24) .
Targeting Notch signaling with GSIs or siRNA is a novel way to control tumors with hyperactive Notch signaling. The advantage of using GSIs lies in the fact that all Notch receptors require γ-secretase for processing and signaling (25) . On the other hand, GSIs can be easily used clinically. In this study, we used DAPT to inhibit Notch signaling. Although the effects of GSIs on various tumors are widely reported (26) (27) (28) , knowledge of their roles as radiosensitizers is limited. Here, we found that GSIs can enhance the radiosensitivity of NPC cells.
The concept of radiosensitizers was first proposed in 1958 (29) . They include traditional chemotherapeutic agents and some newer molecular targeting agents (30, 31) , which are widely used and considered to improve local-regional radiotherapy effects (32) . These chemotherapeutic agents include 5-fluorouracil, platinum analogs, gemcitabine and DNA topoisomerase I-targeting drugs. While older agents focus on DNA as their target, some newer agents that do not target DNA can also act as radiosensitizers; they include the epidermal growth factor receptor blockers, farnesyltransferase inhibitors, and COX-2 inhibitors (31). As novel anti-cancer drugs, Notch inhibitors should be used as radiosensitizers in treating NPC.
Why inhibit Notch signaling by GSIs to enhance NPC radiation sensitivity? As mentioned above, the Notch signaling pathway plays critical roles in NPC growth and oncogenesis. When Notch signaling is inhibited, NPC cells become less viable and more sensitive to radiation. Moreover, Notch is a critical pathway in cancer stem cells (CSCs); inhibition of the Notch signaling pathway could deplete CSCs and inhibit tumor growth (33) (34) (35) (36) (37) . Moreover, CSCs contribute to radiation resistance (38) (39) (40) ; NPC CSCs are confirmed to be resistant to radiation. Previous studies have found that drugs or methods that target CSCs can overcome radiation resistance (41) (42) (43) . When Notch signaling is inhibited, the proportion of CSCs may decrease, which can also make NPC cells more radiosensitive. In further investigations, we will explore the effects of GSIs on CSCs proportion.
In conclusion, our data indicate that the down-regulation of Notch signaling by a γ-secretase inhibitor can enhance the radiosensitivity of NPC cells. Notch inhibitors may have promising clinical applications as radiosensitizers in the treatment of NPC. 2 , survival fraction at a dose of 2 Gy; N, the extrapolation number.
